Composite material based on a TiO 2 matrix doped with Sm 3+ ions and co-doped with silver was investigated. Samarium ions together with nano-and micro-aggregates of silver were incorporated into the titanium alkoxide during the sol-gel process. Samarium ions were excited either directly (λ exc = 488 nm) or through the TiO 2 host (λ exc = 355 nm). It was revealed that samarium fluorescence (λ exc = 488 nm) in gelled TiO 2 films is enhanced by up to 20 times in the vicinity of silver inclusions. Sensitizing and plasmonic mechanisms of enhancement in Sm 3+ fluorescence are discussed.
Introduction
Nanoparticles of noble metals are frequently used as plasmonically active dopants in optical materials [1, 2] . The incident light can create electronic oscillations (plasmon polaritons) on the surface of the nanoparticles at the resonant wavelength. As a result of this, in the vicinity of the nanoparticles, typically at 5-15 nm, electric field of light is strongly enhanced [3, 4] . Consequently the rate of radiative transitions and quantum yield of fluorescence for fluorescent molecules placed near surface of noble metal particles may be enhanced. This effect is frequently used for enhancement of fluorescence from different organic molecules in liquid media [3, 5, 6] . But effective plasmonic enhancement of fluorescence in solid films or waveguides was obtained mainly for near the infrared region [1, 7] .
Recently in a paper [8] we proposed sol-gel prepared TiO 2 films doped with silver nanoparticles. These films have effective plasmonic light absorption band with a maximum near 400 nm. Doping of these films with luminescent markers that emit in the visible range can be considered as a way to implement novel photonic materials. Previous investigations demonstrated that fairly efficient host-sensitized luminescence from Sm 3+ ions in TiO 2 matrix can be obtained [9] [10] [11] . Moreover, rare earth fluorescence can serve as identification of a crystalline phase of a surrounding TiO 2 matrix [11] . Thus emitting properties of Sm 3+ ions confined in the TiO 2 :Ag host matrix are investigated in this paper. In contrast to the previous papers [9] [10] [11] [12] dealing with Sm 3+ fluorescence in neat and doped oxide matrices, the present investigation revealed considerable (up to 20 times) enhancement of Sm 3+ fluorescence near the silver dopant under direct excitation. The possible roots of this enhancement are discussed.
Materials and methods
Host titanium dioxide was prepared by sol-gel method with hydrolysis and polycondensation of Ti(OBu) 4 (Alfa Aesar, 98 wt %). Precursor was obtained after mixing of distilled water and n-butanol (YA-KEMIA OY) with Ti(OBu) 4 (mole ratio 1:24:1.6) and subsequent stirring for 1 h at 21°C [13] .
Silver nanopowder (Nanoamor) was used for doping of prepared metal-oxide sol. Primary particles of nanopowder (30-50 nm) were softly agglomerated in the initial state. Thereafter ultrasonic mixer UP 200S (Hielscher) was used for careful dispersing of silver dopant in the sol precursor.
The fluorescent properties of final samples were provided by samarium salt Sm(NO 3 ) 2 ·H 2 O (1 mol % or 2 wt % relatively to the weight of TiO 2 film) dissolved in the silver containing the sol precursor. Co-doped metal alkoxide solutions were spin coated on the glass plates at 4000 rpm during 2 min and gelled. Formation of clear TiO 2 medium and burning of the butanol rests from the films was completed after annealing of films in air at 500°C for 1 hour.
The microstructure of samples was studied by means of transmitted and dark-field optical microscope Olympus BX-51 and scanning electron microscope Tescan Vega-II. Fluorescence spectra of films were measured using Renishaw inVia Raman/luminescence microspectrometer. Fluorescence of samples was measured under direct (λ exc = 488 nm) and indirect (λ exc = 355 nm) laser excitations of Sm 3+ ions. The size of the spot from the laser beam on the sample surface was about 1 µm.
Results and discussion
Spatial distribution of silver dopant inside the TiO 2 host matrix was revealed by means of dark field optical microscopy. The samples were illuminated by oblique white light beams which did not reflect directly into the objective. Only light scattered by silver inclusions was detected. As a result bright silver-rich microscopic areas on the dark background are visible in the samples with small amount of silver (1 wt % of Ag) (Fig. 1a) . Colored dots indicate plasmonic light scattering from separated silver nanoparticles and their nano-sized aggregates incorporated in the TiO 2 films. The majority of these dots have blue-green color which is in the spectral region of plasmonically scattered light with maximum at 400 nm as detected for our films earlier [8] . Different tints of scattered light are most probably caused by the particle size distribution (30-50 nm) and the varying shape of primary particles [4] [5] [6] . Bright areas in the silver-rich samples (4 wt % of Ag) have a bigger size and correspond to the micro-aggregates of silver particles (Fig. 1b) . It was revealed that fluorescence of Sm 3+ ions changes strongly in the vicinity of such silver micro-aggregates. Samarium ions confined in TiO 2 matrix co-doped with silver may be excited in one of two ways. Direct excitation means that the exciting light (in our case λ exc = 488 nm) is in resonance with − transitions of the Sm 3+ ions. The majority of Sm 3+ centers can be excited directly, but the absorption due to − transitions is very weak. Therefore indirect excitation of Sm 3+ ions is also used. It means that exciting light (in our case λ exc = 355 nm) is absorbed firstly by the TiO 2 host matrix and then the excitation energy is non-radiatively transferred to the rare earth ions [9, 10] . Fluorescence spectrum of Sm 3+ ions excited through the TiO 2 :Ag matrix (λ exc = 355 nm) have several groups of narrow lines (Fig. 2, curve 1 In contrast to this, under direct excitation (λ exc = 488 nm) only broad bands are observed instead of narrow peaks (Fig. 2, curve 2) . Such broad bands are typical for rare earth ions placed on the surface or confined in disordered surrounding like glasses or amorphous media [14] . The most intensive bands with maxima near 600 and 647 nm belong to Sm 3+ 4 G 5/2 → 6 H 7/2 and 4 G 5/2 → 6 H 9/2 transitions, respectively. These bands are quite pronounced near the silver aggregates, while they almost disappear away from them (Fig. 2, curves 2-4 and Fig. 3 ). Scanning electron microscopy revealed not a continuous crystalline phase of TiO 2 but separated TiO 2 microcrystallites [15] mainly concentrated near the aggregate of silver particles (Fig. 4) . It testifies that silver aggregates can serve as crystallization centers for the TiO 2 . Direct excitation is more efficient in exciting of Sm 3+ centers than indirect one [10] . Therefore it seems to be that a considerable amount of the Sm 3+ ions are confined in the amorphous part of the TiO 2 film and a smaller amount of Sm 3+ ions are in the crystalline TiO 2 . Chao et al. [16] revealed that silver aggregates can provide enhanced absorption of heat produced during the annealing of the sample. It may cause more intense heating and crystallization of titanium dioxide near the silver aggregates, while the amorphous phase remains in the areas formed in cooler regions far from silver inclusions. Additional information about variations in local crystalline structure could be obtained from Raman scattering studies to be published later. One can conclude from Fig. 3 that the fluorescence of Sm ions is enhanced up to 20 times near the silver aggregates at λ exc = 488 nm. The possible reasons for such enhancement are discussed further. Namely, silver can influence the emitting center by at least two ways. The first way implies that exciting light-fields are en- 3+ film area co-doped with 4 wt % of silver (due to technical reasons it is not the same area which is depicted in Fig. 3 ).
hanced nearby the silver at the plasmonic resonance wavelength. Such a local field with enhanced amplitude causes higher probability of absorption and emission in the fluorophore. Effective sensibilization implies the distance between fluorophore and silver surface must be within the range 5-15 nm [3, 4] . The reason for such plasmonic mechanism is supported by the fact that the wavelength of the exciting light (λ exc = 488 nm) is directly absorbed by Sm 3+ ion and close to the plasmonic absorption band of our films (370-450 nm) [8] .
The second possible way for sensitizing rare earth emission by silver is proposed by Malashkevich et al. [12, 17] . Simple Ag + ion or complex (Ag n ) m+ ions can be formed on the surface of silver micro-aggregates during the annealing treatment. Energies of some electronic transitions in silver ions may come to resonance with Sm 3+ − transitions. For example, bands 4d 10 →4d 9 5s 1 of separated Ag + ions and 4d 10 5s→4d 10 5p of (Ag 2 ) + pairs lie near the wavelength 450 nm [12] which is close to transition 6 H 5/2 → 4 I 15/2 of Sm 3+ ion [9] . Thus non-radiative energy transfer from silver ions to Sm 3+ centers could increase excitation efficiency of fluorophore. Further investigation of the charge states on the surface of silver aggregates as well as time-resolved fluorescence could help in establishing more confident explanation for the enhancement of Sm emission near silver nanoparticles.
Conclusions
Addition of silver dopant into the TiO 2 films containing Sm 3+ ions leads to large inhomogeneities in the spatial distribution of crystalline structure and Sm fluorescence of the samples. The crystalline phase of TiO 2 is mainly concentrated near the aggregates of silver dopant, probably caused by spatial thermal inhomogeneity during the annealing of samples. Fluorescence of directly excited (λ exc = 488 nm) Sm 3+ ions is enhanced by up to 20 times in the vicinity of silver aggregates. It is caused by combined influence of plasmonic effects and sensitizing of Sm 3+ emission by silver ions.
